The overexpression of human telomerase reverse transcriptase (hTERT) has been associated with the proliferation and migration of colorectal cancer (CRC) cells. We investigated the roles of KRT23 and hTERT in promoting CRC cell proliferation and migration. We verified the relationship between KRT23 and hTERT in CRC using streptavidin-agarose pulldown and chromatin immunoprecipitation (ChIP) assays. One hundred and fifty-four human CRC specimens were analyzed using immunohistochemistry. The roles of KRT23 and hTERT in cell growth and migration were studied using siRNA and lentiviruses in vivo and in vitro. Western blot and wound scratch analyses were used to determine the signaling pathway for KRT23-mediated activation of CRC growth and migration. Telomerase activity was measured by using the TeloTAGGG Telomerase PCR ELISA PLUS Kit. We identified KRT23 as a new hTERT promoter-binding protein. Patients with high KRT23 and hTERT expression had markedly shorter overall survival. Overexpression of KRT23 upregulated the expression of hTERT protein, hTERT promoter-driven luciferase and telomerase activity in CRC. Conversely, inhibition of KRT23 by a KRT23-specific siRNA repressed the endogenous hTERT protein, the expression of hTERT promoter-driven luciferase and telomerase activity. Overexpression of KRT23 also promoted CRC proliferation and migration. By contrast, KRT23 inhibition significantly inhibited tumor cell growth in vitro and in vivo. KRT23 promoted cancer stem cell properties and increased the expression of CD133 and CD44. These results demonstrate that KRT23 is an important cellular factor that promotes CRC growth by activating hTERT expression and that KRT23 is a potential novel therapeutic target for CRC.
It has been studied that most of the colon cancers were started from polyps. If polyps are detected early and removed, it can prevent the CRC. Therefore, it is greatly important to identify CRC at an early stage. Recent studies have reported that a few molecular biomarkers can detect CRC at the early stage and also the progression of the diseases, but there is still a huge gap that needs to be filled to improve the screening, prevention and treatment of CRC. Over the past 20 years, there are several screening strategies for detection of CRC, but it has been proven that they usually lack proper sensitivity and specificity to screen CRC. 3 Therefore, it is deeply required to study the molecular and genetic aspects for finding out more reliable and novel biomarkers for the early detection of CRC.
Telomerase, which is a nuclear ribonucleoprotein enzyme complex, carries its own templates and maintains its telomere length by synthesizing telomeric DNA repeats. The activity of telomerase may be linked to the processes governing cellular immortalization and senescence. 4, 5 Telomerase activity is very high in human cancer cells, but it is absent in most normal human cells. 6 Research has demonstrated that colorectal adenocarcinoma exhibits high levels of telomerase activity 7, 8 and human telomerase reverse transcriptase (hTERT) has been identified as a potential biomarker for CRC. 9 Massive cell death results when telomerase is inhibited in actively dividing tumor cells; 10 however, the regulatory processes governing the activation and expression levels of telomerase remain areas of active research.
Keratins are the intermediate filament forming proteins of epithelial cells. Thus far, there are 54 known mammalian keratins, 28 type I (acidic, KRT9-23) keratins and 26 type II (basic-to-neutral, KRT1-8) keratins. 11 Keratin activity is involved in cancer cell growth, invasion, metastasis and treatment responsiveness. The role of keratins as multifunctional regulators of epithelial tumorigenesis merits further exploration.
12 KRT23 transcripts were highly induced in AsPC-1 cells (a human pancreatic cancer cell line) following treatment with a histone deacetylase inhibitor, 13 and KRT23 is considered a tumor-associated serum antigen in patients with hepatocellular carcinoma. 14 Over the years, researchers have thought that cancer cells are stochastic in nature and that they originate from mutations in normal adult cells. However, cancer stem cells (CSCs) have been found to influence tumorigenesis. CSCs have many characteristics that promote tumorigenesis, such as selfrenewal, differentiation, multidrug resistance and metastatic potential. [15] [16] [17] [18] [19] [20] CD44 and CD133 are well known as stem cell biomarkers that are expressed in CRC. 21, 22 Elevated CD133 expression is correlated with tumorigenesis, metastasis and poor prognosis. 22 CD133 is an important potential target of drug therapies because many colon cancer cell lines express CD133. 23, 24 CD44 can promote cell-cell adhesion and maintain cell-matrix interactions. 22 When CD44 expression is upregulated, the growth and antiapoptotic properties of tumor cells are increased. 24 In this study, we used a biotin-streptavidin pulldown assay to seek and identify unknown and essential transcriptional regulators for hTERT, and we found that KRT23 bound to the hTERT promoter, activates hTERT transcription and increased hTERT expression. Additionally, we studied the clinical association between KRT23 and hTERT in CRC tissue samples.
Results
Identification of KRT23 as an hTERT promoter-binding protein. Streptavidin-agarose bead pulldown assay was used to detect and discover the unknown promoterregulating factors of known target genes. In this study, we used a pulldown assay to detect novel hTERT promoterregulating proteins in CRC cells. We synthesized a 5′-biotinylated 220-bp hTERT core promoter DNA probe 25 and used CRC cells (SW620, RKO, DLD1 and LoVo) and hepatoma carcinoma cells (SNU, HEPG2 and BEL) for the pulldown assays. After incubating nuclear protein extracts with the hTERT promoter probe and streptavidin-agarose beads, candidate complexes were pulled down, separated by SDS-PAGE and visualized by silver staining. As shown in Figure 1a , one of the protein bands (at~35 kDa) was predominantly present in the CRC cells. The protein bands were excised from the gel and identified by mass spectrometry. We predicted that the candidate CRC-specific hTERT promoter-binding protein was KRT23.
To verify the binding of KRT23 to the hTERT promoter region in CRC cells, we performed immunoblot analyses of the proteins eluted from the biotin-streptavidin pulldown complexes using an anti-KRT23 antibody. As shown in Figure 1b , KRT23 was clearly detected in the complexes prepared from the human CRC cell lines SW620, RKO, DLD1 and LoVo. This demonstrated that KRT23 was bound to the hTERT promoter. To further confirm KRT23 as an hTERT promoter-binding protein, we analyzed the binding of KRT23 to the hTERT promoter using a ChIP assay with a specific antibody against KRT23. Normal IgG was used as a negative control. As shown in Figure 1c , the hTERT promoter was amplified in CRC cells, indicating that KRT23 was bound to the hTERT promoter.
KRT23 and hTERT were highly expressed in CRC tissues and CRC cells. To confirm the correlation between KRT23 and hTERT and their biological and clinicopathologic significance in CRC patients, we first measured KRT23 and hTERT expression in CRC tissues and their corresponding adjacent non-cancer tissues by western blot. Both KRT23 and hTERT were highly expressed in CRC tissues compared with their adjacent non-cancer tissues (Figure 2a) . Similarly, immunohistochemical staining revealed that both KRT23 and hTERT were highly expressed in CRC tissues compared with the adjacent non-cancer tissues (Figure 2c ). Of the 154 patient tumor tissue samples,~91 (59.1%) patients had high expression of both KRT23 and hTERT (Figure 2b ). A streptavidin-biotin pulldown assay was performed to identify the specific proteins that bind to the hTERT promoter. Nuclear extracts prepared from human CRC cells (SW620, RKO, DLD1 and LoVo) and hepatoma carcinoma cells (SNU, HEPG2 and BEL) were incubated with a biotin-labeled hTERT promoter probe and streptavidin-agarose beads. The DNA-protein complexes were separated by SDS-PAGE, and the protein bands were visualized by silver staining. The protein bands (at~35 kDa) were excised from the gel and identified by the mass spectrum analysis. We predicted that the candidate CRC-specific hTERT promoter-binding protein was KRT23. (b) Immunoblot assay for detecting KRT23 binding to the hTERT promoter probe. KRT23 protein in the DNA-protein complexes was detected by western blot assay using an anti-KRT23 antibody. (c) Chromatin immunoprecipitation (CHIP) assays were performed using the hTERT promoter from human CRC cells (SW620, RKO, DLD1 and LoVo). PCR products were separated on 1% agarose gels. Normal immunoglobulin G (IgG) was the negative control for the KRT23 antibody
We further analyzed the effect of KRT23 and/or hTERT expression on the survival rate of 154 patients with CRC ( Table 1 ). The overall survival curve analysis indicated that CRC patients with high KRT23 or hTERT expression had a relatively poor prognosis compared with those with weak KRT23 or hTERT expression (Figures 2d and e) . Moreover, CRC patients with high expression levels of both KRT23 and hTERT had a significantly poorer prognosis (Figure 2f ), which suggests that KRT23 has an important role in CRC and is associated with hTERT in predicting the prognosis of patients with CRC.
Next, we measured the expression of KRT23 and hTERT in CRC cells by western blot analysis. As shown in Figure 2g , KRT23 was highly expressed in the CRC cell lines DLD1, LoVo and SW620, but it was expressed at low levels in RKO CRC cells, whereas hTERTwas expressed in all four CRC cell lines. We chose LoVo and SW620 cells to analyze the expression and subcellular localization of KRT23 and hTERT by immunofluorescence analysis. KRT23 and hTERT were both highly expressed in the nucleus in LoVo and SW620 cells (Figure 2h ).
KRT23 regulated mRNA and protein expression and luciferase activity of hTERT and telomerase activity. To further confirm the role of KRT23 in regulating hTERT expression, we evaluated the effect of KRT23 on hTERT mRNA and protein expression and luciferase and telomerase activities in LoVo cells, which express high levels of KRT23 ( Figure 2g ). First, we examined the effect of three different KRT23 siRNAs on the mRNA and protein expression levels of KRT23 and hTERT. The mRNA and protein expression levels of KRT23 and hTERT were both decreased in cells treated with KRT23 siRNA (Figures 3a and b) . Then, we measured the effect of KRT23 on hTERT promoter-driven luciferase activity and telomerase activity using two KRT23 siRNAs with strong silencing effects. The hTERT promoter-driven luciferase and telomerase activities were significantly inhibited by both siKRT23-1 and siKRT23-3 (Figures 3c and d) .
Next, we evaluated the effect of KRT23 on hTERT mRNA and protein expression and luciferase activity and telomerase activity in RKO CRC cells, which expressed low levels of KRT23 ( Figure 2g ). First, we examined the infection efficiency of lentiviruses for KRT23 overexpression. As shown in Figures 3e and f, the mRNA and protein expression levels of KRT23 and hTERT were both increased in cells treated with KRT23 lentivirus (the infection efficiency of the lentiviruses was almost 100% at 10 8 TU/ml). However, the expression of KRT23 at mRNA level was greatly stronger than KRT23 at the protein level. We thought that the protein of KRT23 was degraded after its translation, like postmodification. Additionally, we measured the effect of KRT23 on hTERT promoterdriven luciferase activity using lentiviruses. The hTERT promoter-driven luciferase and telomerase activities were significantly activated by lentivirus (Figures 3g and h ).
Knockdown of KRT23 inhibited the proliferation and migration in LoVo CRC cells. Because KRT23 had a positive effect on the activation of hTERT expression, we The bold and italic means P-valueo0.05.
Keratin 23 promotes hTERT expression N Zhang et al reasoned that KRT23 might be a potential therapeutic target in CRC treatment. As a result, we sought to determine the effects of KRT23 on CRC growth. First, we examined the proliferative capacity of LoVo cells after using siRNA to inhibit KRT23 expression. Inhibition of KRT23 expression with siKRT23 markedly suppressed cell proliferation compared with nonspecific control siRNA (NSP) in LoVo cells (Figure 4a ). Then, we examined the colony formation and migration of LoVo cells after using siRNA to inhibit KRT23 expression. The results showed that similar to proliferation, the colony formation and migration of LoVo cells were inhibited by siKRT23 (Figures 4b and c) . The activation of extracellular signal-regulated protein kinase 1/2 (ERK1/2) and p38 is mainly associated with cell survival, proliferation, migration and cell growth. We measured MAPK family protein expression and verified the role of KRT23 in activating the ERK1/2 and p38 MAPK proteins. As shown in Figure 4d , the phosphorylation of ERK1/2 and p38 was inhibited by siKRT23, but the total ERK1/2 and p38 levels were not changed. From these results, we conclude that KRT23 is correlated with cell proliferation and migration through regulating the ERK1/2 and p38 signaling pathways.
Overexpression of KRT23 promoted the proliferation and migration of RKO CRC cells by p38 and ERK 1/2 signaling pathway. We observed that KRT23 knockdown inhibited the proliferation and migration of LoVo CRC cells. In this part, we detected the effect of overexpressed KRT23 on RKO CRC cells. First, we examined the proliferative capacity of RKO cells after using a lentivirus to promote KRT23 overexpression. The results showed that the lentivirusmediated overexpression of KRT23 markedly increased the cell proliferation of RKO cells compared with the NSP (Figure 5a ). Then, we examined the colony formation and migration of RKO cells after using a lentivirus to promote KRT23 overexpression. The results showed that similar to the proliferation, the colony formation activity and migration of RKO cells were increased by KRT23 lentivirus infection (Figures 5b and c) . Additionally, we measured the MAPK family protein expression and verified the role of KRT23 in activating the ERK1/2 and p38 MAPK proteins. As shown in Figure 5d , the phosphorylation of ERK1/2 and p38 was increased by lentivirus treatment, but the total ERK1/2 and p38 levels were not changed. Then, RKO cells were divided into four groups as follows: (i) the control group; (ii) the SB203580-treated group (the inhibitor of p38) or U0126-treated group (the inhibitor of ERK 1/2); (iii) the KRT23 lentivirus-treated group; (iv) the SB203580+ KRT23 lentivirus-treated group or U0126+ KRT23 lentivirus-treated group. We used CCK-8 assay to detect the ability of proliferation and wound assay to detect the ability of migration in these four groups. The results showed that inhibitors could reverse the ability of cell proliferation (Figures 5e and f) and migration (Figures 5g and h ), which was promoted by KRT23 lentivirus. Additionally, we measured the expression of p-ERK1/2 and p-p38 MAPK. As shown in Figures 5i and j, the inhibitors could reverse the phosphorylation of ERK1/2 and p38, which was promoted by KRT23 lentivirus, but the total ERK1/2 and p38 levels were not changed. From the results above, we again conclude that KRT23 is correlated with cell proliferation and migration by regulating the ERK1/2 and p38 signaling pathways.
KRT23 promoted CSC properties and increased the expression of CD133 and CD44. We chose the LoVo and RKO CRC cell lines to detect the potential role of KRT23 in promoting CSC properties. KRT23 significantly decreased the sphere number and size after siKRT23-1, -2 and -3 transfection compared with the NSP in LoVo cells (Figures 6a-c) . Then, we examined the protein expression of CD44 and CD133 by western blot. Similar results were observed for the CD44 and CD133 expression levels, which were decreased after siKRT23-1, -2 and 3 transfection (Figure 6d ). Additionally, we found that the sphere size and number and the protein expression levels of CD44 and CD133 after LV-KRT23 infection were significantly increased compared with LV-NC in RKO cells (Figures 6e-h ). These results demonstrate that KRT23 influences the sphereforming ability of tumors. The phosphorylated and total p38 levels in RKO cells treated with SB203580 and/or LV-KRT23 were measured by a western blot assay using antibodies against p-p38 and p38. (j) The phosphorylated and total ERK 1/2 levels in RKO cells treated with U0126 and/or LV-KRT23 were measured by a western blot assay using antibodies against p-ERK 1/2 and ERK 1/2 (*Po0.05, **Po0.01 and ***Po0.001) expression in xenografts. These results demonstrate the important role of KRT23 in CRC growth through partially regulating hTERT expression.
Discussion
CRC is one of the most common causes of cancer death. 26 Increasing numbers of studies have demonstrated the strong correlation between elevated hTERT expression and activation and CRC, and hTERT is thought to be a potential therapeutic target for cancer therapy. Therefore, the molecular mechanisms of hTERT in CRC must be identified. Additionally, it is known that overactivation of hTERT leads to telomere lengthening and cell immortalization, playing a crucial role in tumorigenesis and development. Conversely, degradation of hTERT by proteasomes or repression of its activity prompts telomere shortening, cancer cell senescence and apoptosis. The expression of hTERT can be regulated by promoter methylation or chromatin remodeling, 27, 28 as well as by activators and repressors, such as USF1/2, Sp1, TGF-β, p53 and c-Myc. [29] [30] [31] This study is the first to present a novel mechanism involved in hTERT expression regulation in CRC, demonstrating that hTERT transcription activation depends on KRT23.
In this study, we focused on the molecular mechanism of transcriptional regulation underlying the observed increased expression of hTERT. We used a biotin-streptavidin pulldown assay to search for and identify the unknown and essential transcriptional regulators of hTERT. Eventually, we found that KRT23 specifically binds to the hTERT promoter, activates hTERT transcription (Figure 1 ) and increases hTERT expression (Figure 3) . Knockdown of KRT23 also inhibited CRC cell growth in vitro and in vivo (Figures 4,5 and 7) . Furthermore, the expression of KRT23 was positively correlated with that of hTERT according to an IHC assay using CRC specimens (Figure 2 ). We also found that KRT23 promoted CSC properties and increased the expression of CD133 and CD44 ( Figure 6 ). All these results uncover a novel role for KRT23 as a regulator of hTERT in CRC and suggest that KRT23 can potentially be developed as an anticancer therapeutic target.
KRT23 is a member of the keratin family, which contains 50 members that are major structural proteins in epithelial cells. The keratin family can be divided into two groups, (i) acidic forms and (ii) basic forms. 32, 33 KRT23, an acidic form, has been detected in different cancer types. Additionally, KRT23 can be used as an HCC-associated antigen in patient sera. 14 At the molecular level, the expression of some genes (e.g., cyclin D1, cyclin E and E2F1) is decreased when KRT23 is knocked down. 13 Additionally, KRT23 knockout colon cancer cells are restricted in their assembly of functional G1/S complexes. 34 By analyzing the functional and structural domain of KRT23, we found that it lacks a DNA-binding domain, which is frequently needed to bind to the target gene promoter. We speculated that KRT23 might execute its coactivation effect on hTERT expression by recruiting transcription factors to bind to the hTERT promoter. Further detailed analyses are needed to determine the partner transcription factors of KRT23 during hTERT expression activation in CRC.
In summary, our findings are the first to show that KRT23 is a novel hTERT promoter-regulating protein that has an important role in hTERT overexpression and tumor growth in CRC. Our results suggest that KRT23 is a potential therapeutic target in CRC. Cell culture and transfection. SW620, RKO, LoVo and DLD1 cells were obtained from the American Type Culture Collection. SW620 and RKO cells were cultured in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT, USA.). LoVo and DLD1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Hyclone, Logan, UT, USA.). All the cells were supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and were maintained in a humidified atmosphere and 5% CO 2 at 37°C.
Streptavidin-agarose pulldown assay. Transactivators binding to an hTERT core promoter probe were identified using a streptavidin-agarose pulldown assay. Briefly, a biotin-labeled, double-stranded DNA probe corresponding to nucleotides − 378 to − 159 bp of the hTERT promoter sequence was synthesized by Sigma (Sigma-Aldrich, St. Louis, MO, USA) (sense, 5′-ACCCTGGGAGCG CGAGCGGC-3′ and antisense, 5′-GGGGCGGGGTCCGCGCGGAG-3′). Cell nuclear protein extract (500 μg), 4 μg of DNA probe and 40 μl of streptavidinagarose beads (Sigma-Aldrich) were mixed and incubated at room temperature for 2 h with a rotating shaker and then pelleted by centrifugation to pull down the DNA-protein complexes. After washing with cold phosphate-buffered saline (PBS), the proteins in the complex were analyzed in further assays.
ChIP assay. The ChIP assay was as per the manufacturer's instructions. Briefly, the cells were fixed with 1% formaldehyde and sonicated to shear the DNA to 200 to 500 bp on ice. One-third of the total cell lysate was used as the DNA input control. The remaining two-thirds of the total lysate were subjected to immunoprecipitations with anti-KRT23 antibody or non-immune rabbit IgG. The DNA was subjected to PCR to amplify a 220 bp region (−378 to − 159 bp) of the hTERT promoter using the primers (5′-ACCCTGGGAGCGCGAGCGGC-3′ and 5′-GGGGCGGGGTCC GCGCGGAG-3′). The PCR products were resolved electrophoretically on a 1% agarose gel and visualized by ethidium bromide staining.
Reverse transcription-polymerase chain reaction. Total RNA was extracted with the RNAiso Plus (Takara, Dalian, China) reagent and quantified by the measurement of the optic absorbance at 260 and 280 nm with a resultant A 260 / A 280 ratio that ranged from 1.8 to 2.0. The concentration of total RNA was calculated according to A260. The KRT23 primers were 5′-AATACCCGCCTGATGTCGTG-3′ (sense) and 5′-TGAAGCTGTGTCCGGAGTTC-3′ (antisense). The hTERT primers were 5′-AGGCTCACGGAGGTCATCG-3′ (sense) and 5′-GGCTGGAGGTCTGTC AAGGTA-3′ (antisense). The GAPDH primers were 5′-GGAGCGAGATCCCTCC AAAAT-3′ (sense) and 5′-GGCTGTTGTCATACTTCTCATGG-3′ (antisense). PCR reactions were performed as follows: initial denaturation at 98°C for 3 min, 30 cycles of 98°C for 10 s, 60°C for 30 s and 72°C for 1 min. The PCR reaction products were electrophoresed on 1% agarose gel, and the bands were visualized by ethidium bromide staining, followed by analysis with Labworks 4.6 (UVP, Upland, CA, USA).
Western blotting. After extraction from cells, the protein concentration was determined with the BCA Protein Assay Kit (Beijing ComWin Biotech Co., Beijing, China). Western blotting was performed according to the manufacturer's instructions. The proteins on the membranes were detected using ECL and visualized at Bio-Rad Laboratories (Berkeley, CA, USA). The western blots are representative of at least three independent experiments. Densitometric analysis of each band for the target protein was performed with Scion Image 4.03.
Confocal immunofluorescence assay. Indirect immunofluorescence staining was performed according to the manufacturer's instructions and evaluated on a Leica confocal microscope.
Wound scratch assay. Cells were cultured to 90% confluence in six-well plates. The cells were wounded using a sterile 20 μl pipette tip, and the suspended cells were washed. The scratch wounds were captured with a Leica (DMI4000B) microscope in three fields of view at × 50 magnification.
MTT assay for cell proliferation. RKO and LoVo cell lines (2000 cells per well) seeded in 96-well plates were treated with siRNA for KRT23 or negative control siRNA, or with KRT23 lentivirus or negative control lentivirus, at the indicated doses. The cell viability was determined after 48 h of treatment.
Telomerase activity assays. Sphere formation assay. Sphere formation was evaluated in ultralowattachment plates (Corning, New York, NY, USA) with medium supplemented with 2% B27, 20 ng/ml bFGF and 20 ng/ml EGF. RKO or LoVo cells were seeded at a density of~2000 cells/ml and cultured at 37°C in 5% CO 2 . After 2 weeks, the spheres were counted at × 200 magnification when their diameters were 450 μm. Sphere formation efficiency (SFE) = number of spheres per 1000 cells.
Xenograft tumor models of human CRC. Animal experiments were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, with the approval of the Animal Research Committee of Dalian Medical University. Male nude mice were obtained from the Dalian Medical University. The animals (4-6 weeks of age, 18-25 g) were housed in a specific pathogen-free (SPF) environment and provided sterile water and food ad libitum. The mice were used for experiments after they had acclimatized for 1 week. LoVo cells (5 × 10 6 ) that were suspended in 200 μl of PBS were subcutaneously injected into the right flanks of the mice. The mice were randomly divided into three groups (six mice per group) after the tumor volume reached 100 mm 3 : (a) PBS, (b) control siRNA and (c) KRT23 siRNA. To deliver DC nanoparticle-conjugated siRNA, we injected 10 μg of siRNA in 0.1 ml saline buffer intratumorally two times per week for 3 weeks. The whole body weight and tumor volume were measured every 2 days after tumor inoculation. The tumor volume was computed according to the following formula: tumor volume (mm 3 ) = 1/2 × a (tumor length) × b 2 (tumor width). At the end of the experimental period, all animals were killed by cervical decapitation, the tumor tissues were excised aseptically, the weights were recorded and the samples were used for further study.
Statistical analyses. The data are expressed as the mean ± S.E.M. of three independent experiments with GraphPad Prism software (La Jolla, CA, USA). Student's t-test was used to make a statistical comparison between groups. *Po0.05, **Po0.01 and ***Po0.001 were considered statistically significant. Keratin 
